There is a very close steric relationship between the codon-anticodon site which accounts for the genetic code dictionary and a polynucleotide replicase site. Protein biosynthesis must therefore have arisen out of a primaeval polynucleotide replicase system.
The most important step in the evolution of life has been the bringing together of protein and poly nucleotide systems to give a combination of the cata lytic versatility and efficiency of enzymes with the stability of information storage in a polynucleotidebased genetic system. This step has hitherto re mained obscure. It has indeed at times been re garded as paradoxical since enzymes have been as sumed to be essential for the replication of poly nucleotides and, in turn, polynucleotides have been regarded as essential to carry the information cod ing for the enzyme sequences.
However it has been shown that a segment of polyribonucleotide double helix such as the codonanticodon site of protein biosynthesis provides a surface (the face groove or "small" groove) that accounts for the specifications of the genetic code dictionary (see Fig. 1 ) 1. It follows that a codonanticodon site of this type or an analogue must have formed a primaeval "synthetase" site or at least a part of a synthetase system which selected amino acids for reaction with ATP. The present paper shows that the codon-anticodon site is closely related to a polynucleotide site and thus that protein bio synthesis must have arisen out of a polyribonucleo tide replication system.
M ethod and M aterials
The steric relationships discussed in this paper have been checked with space-filling models (scale 1 0 cm = ln m ) specially designed for these investi gations (see ref. 1). These have included models of ATP, the AMP derivative of alanine, all the amino acids of the genetic code dictionary and a segment of polyribonucleotide double helix. Variation is pos sible in the period, diameter and base-pair tilt of a polynucleotide double helix. The double helix seg ment used here was constructed with base pairs placed at right angles to the helix axis and was ad justed to give best fit between an amino acid carboxylate group and the ribose hydroxyl pair that holds and orients the carboxylate group on the codon-anticodon site (see Fig. 2 ).
Discussion
The correlations between amino acid structure and the codon-anticodon sites specified by the genetic code dictionary1 are too many and the genetic code dictionary itself is too firmly based on experimental results (see ref.
2 ) for the correlations to be due to chance. The codon-anticodon site is of the correct size and provides a suitable range of variation. It has suitable chemical characteristics, i. e. pairs of ribose hydroxyls for hydrogen bonding to the carboxylate group and a phosphate group to serve as counteranion. Its variations correlate with short (4-codon), medium-length (2-codon) and long (1 -codon, except Arg) amino acids. They correlate in profile with short, with flat and with the long and awkwardly shaped (Arg and Trp) amino acids. Five of the six pairs of two-codon amino acids of medium length show a correlation between the shorter amino acid of each pair and the presence of a pyrimidine in the third codon letter, presumably due to the steric hindrance of the pyrimidine carbonyl group at the near end of the third base pair. The discrimi nation between Phe and Tyr is apparently also a correlation of length with codon-anticodon site pro file since the A :U base pair in the middle of the codon-anticodon site will slope upwards away from the carboxylate group allowing the longer Tyr to extend across a ribose grouping. Although the synthetases that now carry out the amino acylation step are proteins (questions raised by the modern synthetases and their function are not of direct concern here and will be dealt with at a later opportunity), these codon-anticodon site cor relations indicate that there must have been a pri maeval amino acid selecting site of codon-anticodon type that has given rise to protein biosynthesis. (This need not be and probably is not the codonanticodon site formed by engagement of tRNA with mRNA on the ribosomal peptidase site.) The pri maeval synthetase site must of course have had a site for ATP in the immediate vicinity (this can be taken either as the simplest possible assumption or, possibly, as a definition). This ATP site should also be of polynucleotide structure. Such a site is pro vided by the free side of the first base pair of the codon-anticodon grouping.
Protein biosynthesis is a very complicated process. Even without the protein factors and synthetases that are now required, it involves two nucleotide triphosphates, twenty amino acids, forty or fifty tRNAs, a complicated ribosomal apparatus and an mRNA sequence. It follows that protein biosynthesis must have developed from some pre-existing process. That is, it must have arisen out of a polyribonucleo tide replicase system. This is to be expected since, while both peptides and polynucleotides can reason ably be expected to have been components of the prebiological environment, only polynucleotides have properties that would facilitate copying. Further, polynucleotide replication requires only a coding strand and four nucleoside triphosphates and, given a conformation that accelerates copying, a poly nucleotide particle is self-sufficient. A protein-based enzyme on the other hand must be a component of a relatively complicated system. Thus we can predict that the primaeval codon-anticodon site, or "synthe tase" site on which amino acids were selected for reaction with ATP must be closely related to a poly ribonucleotide replication site.
This prediction is easily tested. The test is in fact essentially trivial and can be quickly checked with the aid of a few simple space-filling models. On a replicase site there will be a double helix made up of coding and product strands extending to the replication point. The coding strand will extend beyond the replication point in a S'-direction. The product strand will terminate with its 3 -end at the replication point. The next incoming base will stack on the 3 -end of the product strand so that it is paired with the corresponding base on the coding strand and can react with the S^hydroxyl of the terminal ribose of the product strand. On the "syn thetase" site of protein biosynthesis the codon-anti codon pair will correspond to the last three base pairs of double helix and the ATP site will be equi valent to a replicase site with uridine as the first un paired base along the replicase coding strand. The prediction is then -that ATP when paired with uridine will be in good position to react with the carboxylate group of an amino acid on the codonanticodon site (see Fig. 2) .
Inspection of the models shows immediately that a slight displacement of the triphosphate grouping will be sufficient to cause the ATP to react, not with the ribose-S'-hydroxyl on the preceding base, but with the amino acid on the codon-anticodon site. This clear and simple relationship between replicase site and amino acid selecting site cannot be merely fortuitous. It therefore indicates a direct evolution ary relationship between protein biosynthesis and an earlier replication system for polyribonucleotides.
There is excellent support for a close relationship between protein biosynthesis and polyribonucleotide replication in the functions of tRNA in transcription control3 and in the dual involvement of some auxiliary protein factors both in protein biosynthesis and in replication4'5. The requirement for these protein factors in both types of system might be used as an argument for an evolutionary develop ment proceeding from protein to polynucleotide sys tems but this is completely excluded by the compli cated nature of the replicases and of the protein factors themselves, quite apart from other argu ments. However, protein biosynthesis and replicase systems must have evolved along closely parallel lines for the protein factors to retain their double function, possibly because the two systems are closely interlocked.
Even more striking support for a very close rela tionship between protein biosynthesis and poly nucleotide replication is the function of fMettRNA™®1 as a primer for the replication of an RNA tumour virus with reverse transcriptase6. It has moreover been found that polymerisation begins here with the addition of dAMP to the S'-end of the tRNA 7.
In a primitive pre-protein replicase the basic framework must have been a polynucleotide particle which had evolved from simple polynucleotide pre cursors by selection for improved stability and had developed some replication mechanism. In an initial mixture of polynucleotide particles produced by random polymerisation and depolymerisation the development of a conformation that gave some ad vantage in replication rate would of course lead to the production of large populations of similar par ticles and would favour the evolution of a replication mechanism. It is not possible at this stage to indicate the critical change that made protein biosynthesis possible. It would be necessary to alter the point of attack of the triphosphate grouping slightly and to "reverse" the direction of movement of the coding strand. These changes might well be associated.
The "reversal" of the coding strand can be ac complished in two ways. It might be direct, so that the coding strand becomes an mRNA moving in a S'-direction. More probably, the product strand of the replicase would become an mRNA equivalent by the elaboration of an analogous codon-anticodon site separate from the replicase site, thus avoiding any change in the direction of movement of the poly nucleotide strands through the system. Initially it would not be essential to provide for continuous translation or for the interlocking of translocation and peptide bond formation. Nor would it be neces sary for a single particle to retain both functions provided the population contained replicases accept ing non-self polynucleotide strands. It would how ever be necessary to collect aminoacyl groups on a peptidyl-tRNA.
The present paper is concerned solely with the replicase relationship. The further reactions required to transfer an amino acid residue from its AMP derivative to the 3r-end of a tRNA molecule and thence to the end of a peptide chain present a much more complicated topic which cannot be dealt with here (some possibilities have been discussed else where 8) .
Conclusion
Simple consideration of the chemical structures involved shows that protein biosynthesis must have arisen as a further development of polynucleotide replication. Although the questions of the order in which protein biosynthesis and polynucleotide repli cation arose and the way in which they were inter connected have given rise to inexplicable difficulty in the past, it seems that the evolution of life was a simple and straightforward chemical process. Since, as it now appears, conditions on the primaeval earth will have led to the formation of the precursors re quired for both polynucleotides and polypeptides, life must have appeared practically as soon as phy sicochemical conditions permitted polynucleotides sufficient stability for them to accumulate.
The relationship of protein biosynthesis to repli cation provides further confirmation of the basic correctness of the codon-anticodon site origin of the genetic code dictionary. It therefore finally elimi nates the very unsatisfactory hypothesis of a "frozen accident" 9. It also excludes the possibility that the genetic code has gone through a stage of evolution to reach its present form since all 64 potential codonanticodon sites would have been available from the start. There might well of course have been minor changes in the set of amino acids competing for these sites.
It should be pointed out that the origin of protein biosynthesis is by no means the minor academic question it might have been if the synthetases were a random collection of amino acid-recognising en zymes. The mechanisms and reactions involved will reflect some of the biochemical potential of poly nucleotide structures and will probably have formed the basis for the development of further fundamental biological systems. They are therefore of wide inter est. The primitive polynucleotide particles among which protein biosynthesis arose will have had some resemblance to present day viruses, albeit without an organised protein coat and without devices for the penetration of a cell membrane. It would appear then that viruses are to be regarded not as de generate and parasitic molecules but as representa tives of the type of biological molecule present at this very early stage of evolution. Since a range of tRNAs are required simultaneously for protein bio synthesis, it follows that these must represent an important group in the primitive polynucleotide population. Ribosomal particles can also be ex pected to be related to some of the early particles which produced protein biosynthesis but they must have undergone considerable evolutionary develop ment subsequently since they contain elaborate pro tein matrixes.
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